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A combination of cultivation-based methods with a molecular biological approach was used to investigate
whether planktonic bacteria with identical 16S rRNA gene sequences can represent distinct eco- and genotypes.
A set of 11 strains of Brevundimonas alba were isolated from a bacterial freshwater community by conventional
plating or by using a liquid most-probable-number (MPN) dilution series. These strains had identical 16S
rRNA gene sequences and represented the dominant phylotype in the plateable fraction, as well as in the
highest positive dilutions of the MPN series. However, internally transcribed spacer and enterobacterial
repetitive intergenic consensus PCR fingerprinting analyses, as well as DNA-DNA hybridization analyses,
revealed great genetic diversity among the 11 strains. Each strain utilized a specific combination of 59 carbon
substrates, and the niche overlap indices were low, suggesting that each strain occupied a different ecological
niche. In dialysis cultures incubated in situ, each strain had a different growth rate and cell yield. We thus
demonstrated that the B. alba strains represent distinct populations with genetically determined adaptations
and probably occupy different ecological niches. Our results have implications for assessment of the diversity
and biogeography of bacteria and increase the perception of natural diversity beyond the level of 16S rRNA
gene sequences.

Analysis of 16S rRNA gene sequences has become the pri-
mary approach for studying the natural occurrence and distri-
bution of bacteria in a culture-independent manner (3). The
vertical and seasonal distributions of distinct 16S rRNA gene
sequences (phylotypes) within one ecosystem have been used
to infer the ecological niches of bacteria (40, 56). This ap-
proach is especially valuable if the physiology of bacteria that
have not been cultured yet is to be elucidated.

In many cases phylogenetically closely related bacteria
(whose 16S rRNA sequences differ by between 2.7 and 0.3%)
have been detected in the same freshwater, marine, or soil
habitat (19, 32, 43, 56). According to macroecological princi-
ples of competitive exclusion, physiologically similar microor-
ganisms should not co-occur in nutrient-poor systems which
are dominated by physical and chemical fluctuations (40). Ac-
cordingly, phylogenetically closely related bacteria coexisting
in the same habitat occupy distinct ecological niches (19, 32,
43, 56).

For pathogenic bacteria it is well established that even phy-
logenetically identical strains or species can exhibit distinct
ecophysiological properties. Certain serovars of Mycobacte-
rium intracellulare (10), serovars of Ochrobactrum anthropi
(27), strains of Yersinia pestis and Yersinia pseudotuberculosis
(55), or strains of Bacillus anthracis and Bacillus cereus (4)
contain identical 16S rRNA gene sequences. These phyloge-
netically identical organisms are also genetically highly similar

based on DNA-DNA hybridization data (Table 1) but clearly
represent different ecotypes based on their virulence proper-
ties or host ranges. Often, phenotypic differences can be traced
back to the presence of plasmids, as in B. anthracis, in which
the major virulence determinants are encoded by the 181-kb
plasmid pXO1 and the 95-kb plasmid pXO2 not present in B.
cereus (44).

However, the genomes of certain phylogenetically identical
strains exhibit profound differences. Escherichia coli K-12 and
O157:H7 differ not only in genome size (by 0.89 Mb) but also
in a considerable number of chromosomal genes. Twenty-five
percent of the genes present in the enterohemorrhagic organ-
ism E. coli O157:H7 are not found in the nonpathogenic or-
ganism E. coli K-12, whereas 12% of the genes in the latter
organism are absent in the former organism (9, 39). Neverthe-
less, some of the 16S rRNA gene sequences (e.g., the two rrsE
genes) are identical in the two organisms. Similarly, genomic
fingerprinting (48, 50, 57) and analysis of fosmid libraries of
DNA fragments from marine samples (6) have indicated that
nonpathogenic bacteria with identical 16S rRNA gene se-
quences but distinctly different genomes coexist in natural eco-
systems (46). The term microdiversity has been used to de-
scribe the phenomenon of phylogenetically closely related but
physiologically distinct bacterial populations (32). In order to
assess the extent of microdiversity present in a natural habitat,
the niche separation between the different genotypes with
identical 16S rRNA genes, and finally the potential limitations
of 16S rRNA-based methods, more information about the ge-
netic and ecophysiological differences of such bacteria is re-
quired.

In the present study, 11 different Brevundimonas alba strains
with identical 16S rRNA gene sequences were isolated from
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the same sample obtained from a freshwater lake. The strains
were subsequently analyzed with respect to their genomic and
physiological diversities, their growth in situ, and their ecolog-
ical niches.

MATERIALS AND METHODS

Isolation of strains. Bacterial strains were isolated from Zwischenahner Meer,
a shallow eutrophic lake in northern Germany (5). On 20 May 1998, water
samples were obtained from a depth of 0.3 m from the head of a 30-m-long pier
located on the east shore of the lake. Samples were sequentially filtered through
a 20-�m-mesh plankton net and then an 8-�m-pore-size cellulose nitrate filter to
remove algae and larger filamentous cyanobacteria. Chemoheterotrophic bacte-
ria were isolated from the highest positive dilutions of liquid most-probable-
number (MPN) series in synthetic freshwater medium supplemented with YPG
(0.075% yeast extract, 0.15% peptone, 0.15% glucose) (5). For purification of
bacterial strains, these liquid samples were streaked on solid YPG media (1.2%
agar). In parallel, 10-fold serial dilutions of water samples were plated directly
onto solid YPG medium. After 3 weeks of incubation at 20°C, all colonies (a total
of 34 colonies) from the last two positive dilutions were picked from the YPG
medium plates and restreaked until pure cultures were obtained. The purity of all
strains isolated was examined microscopically.

Microscopy. Wet mounts for light microscopy were prepared on agar-coated
slides (41) and observed with a Leitz DMR microscope (Leitz, Wetzlar, Ger-
many) at a magnification of �1,000.

DNA extraction. A lake water subsample used for extraction of genomic DNA
was concentrated by tangential flow (21), and genomic DNA was extracted by a
modified phenol-chloroform extraction method with subsequent ethanol precip-
itation (53). Cells of pure bacterial cultures were lysed by freeze-thawing (21)
prior to 16S ribosomal DNA (rDNA) amplification and enterobacterial repeti-
tive intergenic consensus (ERIC)-PCR fingerprinting. For dot blot hybridization,
the genomic DNA of bacterial strains was extracted by bead beating (33) and was
purified by a standard phenol-chloroform extraction and ethanol precipitation
technique (47).

PCR, DGGE, and sequencing. ERIC-PCR fingerprinting of the bacterial
strains was performed as described previously (36). For internally transcribed
spacer (ITS) fingerprinting, primers G1 (5�-GAAGTCGTAACAAGG-3�) (23)
and 23SR (5�-GGGTTBCCCCATTCRG-3�) (11) were used. Amplification
products were digested with AluI and MboI (Stratagene, Amsterdam, The Neth-
erlands), and the fragments were separated on 3% small-DNA–agarose (Biozym,
Hessisch Oldendorf, Germany) gels. For denaturing gradient gel electrophoresis

(DGGE) (35), a fragment of the 16S rDNA between Escherichia coli positions
341 and 907 was amplified by using primer 341f with a GC clamp (36). As the
template, 50 ng of extracted DNA or 1 �l of a freeze-thawed DNA preparation
was used. Amplification was performed by using a step-down PCR (37), which
included 10 cycles at an annealing temperature of 62°C, followed by 20 cycles at
57°C. Each cycle started with a melting step at 96°C and ended with an extension
step at 72°C.

Amplification products were separated by DGGE in 6% (wt/vol) polyacryl-
amide gels containing a linear 30 to 70% denaturant gradient. DNA fingerprints
were visualized by ethidium bromide staining of the gels.

For sequencing, a DNA template of the 16S rRNA gene was generated with
primers 8f and 1492r (25) by using the conditions described previously (36). PCR
products were separated from free PCR primers with a QIAquick spin kit
(QIAGEN, Hilden, Germany) and were sequenced directly with a SequiTerm
Excel II LC DNA sequencing kit (Epicentre Technologies, Madison, Wis.). An
automated infrared laser fluorescence sequencer (model 4000 DNA sequencer;
Li Cor, Lincoln, Nebr.) was used for sequencing. The sequencing primers were
primers 8f, 341f, 530f, 907r, 926f, 1055r, and 1492r (3, 25). The sequences
obtained were �1,361 bp long and, compared to the E. coli sequence, had several
deletions. Hence, the sequences obtained in the present study spanned E. coli
positions 14 through 1465.

Phylogenetic analysis. The SIMILARITY_RANK tool of the Ribosomal Da-
tabase Project (30) and the BLASTN 2.0.6 algorithm of GenBank (2) were
employed to search for close evolutionary relatives of the 16S rRNA gene
sequences of our 11 bacterial isolates. Alignments were generated with ClustalW
(54), and base positions which were identical in less than 50% of the sequences
were masked (36). Two different methods were used for construction of phylo-
genetic trees by employing programs of the PHYLIP 3.57c package (16). First, a
distance matrix was calculated with the algorithm of Jukes and Cantor (24), and
a phylogenetic tree was inferred by using the algorithm of Fitch and Margoliash
(17). Second, a phylogenetic tree was constructed by using the maximum-likeli-
hood method (DNAML) of the PHYLIP package.

Dot blot hybridization. Probes specific for strain H12C5 were prepared from
the genomic DNA by using a DIG High Prime DNA labeling and detection kit
(Roche). For blotting, DNA of all strains was treated first with DNase-free
RNase (50 �g � ml�1; 45 min at 37°C) and then with proteinase K (50 �g � ml�1;
30 min at 37°C). After phenol-chloroform extraction and ethanol precipitation
(47), dilution series were prepared in TE buffer (10 mM Tris-HCl, 0.1 mM
Na4-EDTA [pH 8]), and the DNA was denatured for 10 min at 95°C and vacuum
blotted onto positively charged nylon membranes. Each membrane was baked
for 30 min at 120°C and prehybridized for 30 min in 15 ml of DIG Easy Hyb

TABLE 1. DNA-DNA similarity and physiological differences for strains with identical 16S rRNA gene sequencesa

Strain pair DNA-DNA
similarity (%)

Size of
fragment

(bp)
Physiological differences Reference(s)

Escherichia coli K-12 and O157:H7 ND 1,542b Virulence factors for hemorrhagic colitis 9, 39
Nodularia sp. strains GR8b and BY1 ND 1,445 Formation of gas vesicles 28
Bacillus cereus NCTC11143 (� DSMZ4312) and

Bacillus anthracis Sterne
ND 1,446 Pathogenicity; toxin and capsule formation 4

Mycobacterium intracellulare ATCC 35762 and
ATCC 35772

88 1,493 Serological properties 10, 18

Pelczaria aurantia DSM 12801T and Kocuria
rosea DSM 20447T

87.1 1,502 Oxidase reaction 49

Yersinia pestis 1122 and Yersinia
pseudotuberculosis P62 /P3

84–100 1,497 Y. pestis-specific virulence plasmids pFra
and pPla; motility at 28°C; urease;
rhamnose fermentation; requirement for
amino acids; bubonic/pneumonic plague
versus mesenteric lymphademitis;
transmission route, flea bite versus
fecal-oral route

8, 55

Ochrobactrum anthropi 1a and LMG 5140 84.5 1,307 BIOLOG GN test 27
Aeromonas salmonicida NCIMB2020T and

Aeromonas sp. strain CIP7340
50 1,502 ND 15

Brevundimonas alba H12C5 and 18 73.5 1,361 Carbon substrates; oxidase This study
Brevundimonas alba H12C5 and 24 86.5 1,361 Carbon substrates; oxidase This study
Brevundimonas alba H12C5 and 20 30.1 1,361 Carbon substrates; oxidase; in situ growth This study

a Only strains with identical 16S rRNA gene sequences are shown. ND, not determined.
b rrsE gene.
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buffer at 62°C. Hybridization was carried out for 18 h in 12 ml of prewarmed Easy
Hyb buffer containing 2 �g of denatured strain H12C5 probes. After this, the
blots were washed twice for 5 min with 2� SSC (1� SSC is 150 mM NaCl plus
15 mM sodium citrate [pH 7.0]) containing 0.1% sodium dodecyl sulfate at room
temperature and then twice under highly stringent conditions (30 min in 0.1�
SSC–0.1% sodium dodecyl sulfate at 82°C). The hybridization signal was de-
tected with a DIG luminescence detection kit (Roche) and Lumi-film (Roche)
used according to the instructions of the manufacturer. The exposure time was
50 min. Compared to standard DNA-DNA hybridization, the procedure de-
scribed above allowed better differentiation of closely related strains. For com-
parison, standard DNA-DNA hybridization (13) was performed for four strains
with different levels of genetic relatedness. In this case, the degree of DNA-DNA
binding was determined spectophotometrically from the renaturation rates of
individual DNA types and of pairwise mixtures of genomic DNA from the
different strains.

Physiological characterization. Based on the substrates detected in natural
lake water (29, 34) and the different pathways of substrate utilization, 59 different
carbon substrates were chosen for growth tests. Synthetic freshwater medium was
added to polystyrene microtiter plates, and each well was supplemented with a
different substrate. The polymeric substrates used were peptone (0.05%, wt/vol),
casein hydrolysate (0.05%), yeast extract (0.005%), cellulose (15 mm2 of filter
paper), starch (0.1%), chitin (0.05%), xylene (0.05%), and laminarin (0.05%).
The sugars and sugar derivatives used were glucose, fructose, rhamnose, man-
nose, arabinose, xylose, sucrose, cellobiose, maltose, trehalose, mannitol, glu-
conate, and glucosamine (final concentration of each, 5 mM). The carboxy acids
and other acids were formate (2.5 mM), acetate (5 mM), propionate (1 mM),
butyrate (2.5 mM), valerate (0.5 mM), capronate (0.5 mM), caprylate (0.5 mM),
crotonate (0.2 mM), malonate (5 mM), succinate (10 mM), fumarate (5 mM),
malate (5 mM), tartrate (2 mM), glycolate (5 mM), pyruvate (5 mM), lactate (10
mM), 2-oxoglutarate (5 mM), and citrate (2 mM). The alcohols tested were
methanol (2 mM), ethanol (5 mM), propanol (5 mM), butanol (5 mM), glycol (5
mM), glycerol (5 mM), and Tween 80 (0.001%, vol/vol). In addition, the amino
acids alanine (2 mM), arginine (2 mM), asparagine (2 mM), cysteine (2 mM),
glutamine (2 mM), isoleucine (2 mM), tyrosine (0.5 mM), tryptophan (1.25 mM),
and proline (2 mM) were employed, and betaine (2 mM), benzoate (2 mM),
salicylate (2 mM), and nicotinate (2 mM) were tested.

For growth tests, each microtiter well received 180 �l of medium and was
inoculated with 20 �l of a suspension (optical density at 436 nm, 0.12) of bacterial
cells which had been washed in synthetic freshwater medium to remove residual
substrates. The plates were incubated for 5 weeks at 20°C, and growth was
monitored by determining the turbidity. The catalase activities of the strains were
tested by addition of 3% H2O2 to colonies on glass slides. Oxidase activity was
tested as described by Tarrand and Gröschel (52).

The niche overlap index (NOI) between two strains, strains A and B, was
calculated by determining the ratio of the number of substrates utilized by both
strains, (NA�B) to the total number of substrates utilized by either of the two
(Ntot) (58): NOI � NA�B/Ntot. The physiological similarity of the 11 strains was
determined by cluster analysis. A matrix with a binary code for the presence or
absence of each phenotypic trait of the isolates was constructed. The Dice
coefficient (14) for all pairs of strains was calculated by using the SIMQUAL
similarity program for qualitative data of the NTSYS-pc numerical taxonomy
computer package (45). Cluster analysis was performed with the SAHN program
of the NTSYS-pc package and by employing the unweighted pair group method
with arithmetic average.

In situ growth experiments. Four of the strains were precultured in liquid YPG
medium and diluted to a final titer of 105 cells � ml�1 in prefiltered (pore size, 0.1
�m) lake water. For each strain, six dialysis bags (molecular mass cutoff, 12,000
Da; cellulose tubing; diameter, 1.5 cm; Sigma, Deisenhofen, Germany) were
filled aseptically with 10 ml of the diluted culture, sealed with Spectra/Por
closures (Spectrum, Houston, Tex.), and attached to a stainless steel incubation
rack. The incubation rack was incubated at the original sampling depth in the
lake. Dialysis tubes were recovered at regular intervals, the contents were fixed
with glutardialdehyde (final concentration, 2% [vol/vol]), and the cell titer was
determined by 4�,6-diamidino-2-phenylindole (DAPI) counting (42).

Nucleotide sequence accession numbers. The 16S rRNA gene sequences of
strains 1 through 11 have been deposited in the GenBank database under
accession numbers AF296678 to AF296688.

RESULTS AND DISCUSSION

One phylotype dominates the culturable bacterial fraction.
Zwischenahner Meer is a shallow eutrophic lake (mean depth,

3.3 m) with a simple hydrodynamic structure, since its entire
water column mixes frequently even during the summer (22).
Therefore, our data should be representative of the entire
water column.

Only 0.03% of the total number of bacterial cells (9.5 � 107

cells � ml�1, as counted by DAPI staining) formed colonies on
solid YPG media. This finding is in line with the generally low
culturability of planktonic bacteria (3). Thirty-four strains were
isolated from the highest positive dilutions on solid YPG me-
dia. DGGE analysis of 16S rRNA gene fragments of all strains
revealed the same melting behavior for 10 of the strains
(strains 8, 14, 18, 20, 24, 25, 26, 30, 31, and 33) (Fig. 1). The
same melting behavior was also detected for strain H12C5
isolated from the highest positive dilutions of the MPN series
(Fig. 1). Identical melting behaviors during DGGE theoreti-
cally could result from sequence identity of the 16S rRNA
genes. Indeed, our sequence analysis revealed that the 10 melt-
ing type a strains, as well as strain H12C5, had identical se-
quences for all 1,361 bp sequenced (Fig. 2).

Potentially, there could have been sequence variability in the
unsequenced 3� end of the 16S rRNA gene, and thus this
variability could have remained undetected. However, the se-
quence variability at the end of the 16S rRNA gene is lower
than that in the regions upstream (51). It is therefore unlikely
that there were significant sequence differences among the
strains analyzed in the present study. Another concern could
be the potential sequence polymorphism of different copies of

FIG. 1. Analysis of 16S rRNA gene fragments of all bacterial iso-
lates by DGGE. (A) Frequencies of different melting types (melting
types a to o). (B) Different melting types. The arrows indicate the
position of the fragments of strains 8, 14, 18, 20, 24, 25, 26, 30, 31, and
33 which were identical to the position of the fragment from strain
H12C5. The negative image of an ethidium bromide-stained gel is
shown.
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the ribosomal operon. Therefore, we compared the 16S rRNA
gene sequences of all rrn operons of the closest relative of our
isolates. The most closely related bacterium for which data are
available is Caulobacter crescentus (GenBank accession no.
AE005930 and AE006011), which contains two different rrn
operons. A sequence comparison revealed that the 16S rRNA
gene sequences of the two operons were identical. Based on
these data, sequence polymorphism of the different rrn oper-
ons thus appears to be rather unlikely in the Caulobacter-
Brevundimonas group.

The 16S rRNA gene sequences of our isolates were 98.4%

similar to that of B. alba DSM4736T. This phylogenetic assign-
ment was fully confirmed by the tree constructed by the max-
imum-likelihood method (data not shown).

Genetic diversity within the dominant culturable phylotype.
Theoretically, the 11 strains with identical phylotypes could be
members of one population, in which case they should be
genetically and physiologically very similar. However, an espe-
cially low rate of evolution of the 16S rRNA gene has been
detected in Bacillus and Mycobacterium species (38). Also, the
two gram-negative bacteria Aeromonas caviae and Aeromonas
trota differ at only one nucleotide position in their 16S rRNA

FIG. 2. Phylogenetic affiliations of 11 strains with the same 16S rDNA melting type. The tree was constructed from evolutionary distances by
using the algorithm of Fitch and Margoliash. Accession numbers are indicated in parentheses. The numbers at the nodes are bootstrap values based
on 100 resamplings (values that are less than 50 are not shown).
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genes, whereas the level of DNA-DNA similarity is �30%
(31). Therefore, an alternative explanation could be that the
strains isolated in the present study may represent members of
distinct and coexisting populations with different, genetically
determined physiological adaptations and ecological niches.

Microscopic inspection revealed two distinct morphologies
among the 11 strains. Seven strains (strains H12C5, 8, 14, 18,
24, and 31) had a thin spirilloid morphotype (Fig. 3A) and
tended to form aggregates of cells embedded in a slime matrix
(Fig. 3C). Four strains (strains 20, 25, 30, and 33) had a rod-
shaped morphotype (Fig. 3B). Three different ITS fingerprint
patterns (Fig. 4A) were detected, and they largely correlated
with morphology: all spirilloid strains had identical ITS finger-
prints, whereas two different patterns were generated for the
rod-shaped strains. By comparison, ERIC-PCR fingerprinting
(Fig. 4B) provided a higher resolution and suggested that
strains with identical ITS fingerprints were genetically diver-
gent. Nine different ERIC-PCR fingerprint patterns were de-
tected among the 11 strains, revealing the highest genetic di-

versity within one 16S rRNA phylotype known so far. In
previous studies, a maximum of three different genotypes with
identical 16S rRNA gene sequences were recovered from one
environment (27, 48).

Since ERIC-PCR fingerprinting targets only a small portion
of the bacterial genome, we used dot blot hybridization as a
second, independent technique to more accurately determine
the genetic diversity among the 11 strains. Most notably, the
hybridization results correlated with the morphotypes of the
strains. Under our highly stringent hybridization conditions,
genomic DNA of rod-shaped strains 20, 25, 30, and 33 did not
bind detectable amounts of DNA of strain H12C5 (Fig. 5),
while the spirilloid strains exhibited much higher DNA-DNA
hybridization values. Standard DNA-DNA hybridization fully
confirmed the results of our dot blot procedure: strain H12C5
exhibited DNA-DNA similarity of only 30.1% with rod-shaped
strain 20 but exhibited 73.5 and 86.5% DNA-DNA similarity
with spirilloid strains 18 and 24, respectively (Table 1). So far,
low DNA-DNA hybridization values (30%) have been re-

FIG. 3. Phase-contrast photomicrographs of B. alba strains. (A) Morphotype of strain H12C5 in squeezed aggregates. (B) Morphotype of strain
20. (C) Extracellular slime layers of aggregates of strain H12C5 as visualized with India ink.
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ported to occur only between different bacterial species (51).
According to the results of our dot blot hybridization analysis,
the rod-shaped strains thus form a separate species. Although
low DNA-DNA hybridization values (values as low as 30%)
are known to occur rarely among strains with a few different
nucleotide positions in their 16S rRNA gene sequences (4, 7,
18, 31, 51), this is, to the best of our knowledge, the first time
that such a high level of divergence at the genomic level has
been documented for strains with identical 16S rRNA gene
sequences (Table 1).

To date, niche differentiation of genetically closely related
(DNA-DNA similarity, �70%) bacteria with identical phylo-
types has only been documented for a few clinically relevant
strains (Table 1). As indicated by their genetic heterogeneity,
the 11 B. alba strains represent different populations, and even
species, with the same phylotype. From an ecological point of
view, the persistence of these different populations in the same
habitat can be understood only if they occupy distinct ecolog-
ical niches.

Niche differentiation among strains with identical 16S
rRNA gene sequences. Although strain H12C5 dominated the
culturable fraction, it could not grow directly on agar plates. In
contrast, none of the other 10 strains could be isolated from
the liquid media. These observations alone indicate that the
different strains have different physiologies. Consequently,
their potential ecological niches were assessed based on their
carbon substrate utilization patterns.

Each strain used a unique combination of the 59 carbon
substrates (Table 2). While the strains isolated directly from
agar plates were able to utilize 3 to 37 substrates, strain H12C5

had the lowest metabolic versatility of all strains and grew only
on 2 substrates, peptone and laminarin. Furthermore, H12C5
did not exhibit oxidase activity like the other strains did. The
NOI calculated for all pairs of spirilloid strains indicated that
they occupy different ecological niches (mean NOI for all
strain pairs, 0.27 � 0.16). Likewise, the NOI for spirilloid and
rod-shaped strains was low (mean, 0.26 � 0.12). However, the
NOI for the four rod-shaped B. alba strains was significantly (P
	 0.01) higher (0.48 � 0.11). In the phyllosphere, resource
partitioning among different bacterial species with NOI values
of 0.25 to 0.59 allows stable coexistence (59), whereas cataboli-
cally identical strains (NOI, 1.0), even if they belong to differ-
ent species, cannot coexist (58).

The similarity analysis of the data (Fig. 6) demonstrated that
all strains exhibited distinct substrate utilization patterns. Spi-
rilloid strains H12C5 and 31 showed the closest similarity
(Dice coefficient, 0.8), whereas the similarity values for all
other strains were �0.75.

Additional experiments were conducted in order to compare
the growth rates of the different strains in our dilute freshwater
medium (Fig. 7B). The growth rates of four spirilloid and four
rod-shaped strains growing in our liquid YPG medium varied
considerably, confirming their genetic and physiological heter-
ogeneity. Most notably, the low growth rate of strain 20 cor-
responds to its unique ITS and ERIC fingerprints, whereas the

FIG. 4. ITS fingerprints (A) and ERIC-PCR fingerprints (B) of the
11 B. alba strains. A comparison with ERIC-PCR fingerprints gener-
ated directly from the highest positive MPN dilution revealed the
dominance of strain H12C5 in the sample. The image is a negative
image of an ethidium bromide-stained gel.

FIG. 5. Genomic relatedness of the 10 B. alba strains isolated from
agar plates to strain H12C5. The corresponding morphotypes are
shown next to the strain designations.
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genetically more similar strains 25, 30, and 33 also had similar
growth rates. Our data indicate that there was considerable
diversification and niche differentiation of the Brevundimonas
strains despite their identical phylotypes.

A parallel analysis (22) revealed that 
-proteobacteria rep-
resented over 50% of the isolates. These organisms comprised
the dominant Brevundimonas phylotype and a second phylo-
type related to Pedomicrobium (22). Based on a culture-inde-
pendent analysis of the phylogenetic composition by fluores-
cence in situ hybridization (12), however, 
-proteobacteria
represent only between 2.6 and 3.2% of the bacterioplankton
cells in Zwischenahner Meer during the spring. Among the 11
strains, strain H12C5 was obtained from the highest positive
dilutions and hence should be the most frequent strain in the
natural bacterioplankton community. Therefore, genomic
DNA of strain H12C5 was quantified by employing a highly
stringent dot blot hybridization protocol and using the other 10
Brevundimonas strains as negative controls. Based on this anal-
ysis, strain H12C5 accounted for only 0.07% of all genomic
DNA in the bacterioplankton community of Zwischenahner
Meer.

Growth experiments in situ. NOIs determined in laboratory
growth experiments do not necessarily reflect the actual com-
petition as it occurs in the natural environment (1). Further-
more, their low abundance in situ (see above) theoretically
could indicate that the isolated strains are not capable of sig-
nificant growth in the natural environment.

In order to assess the potential for growth and the compe-
tition of the different Brevundimonas strains, two rod-shaped
and two spirilloid strains with very different growth rates were
selected for in situ growth experiments in dialysis cultures (Fig.
7A). In two cases (strains 20 and 31), the in situ growth rates
did not differ significantly from those in laboratory media,
indicating that our artificial freshwater medium with diluted
complex substrates mimicked the conditions in Zwischenahner
Meer rather well (Fig. 7B). Two other strains, however, grew
significantly more slowly in dialysis cultures.

It therefore has to be concluded that at least some of the
Brevundimonas strains are capable of appreciable growth in
situ (the doubling time was as short as 8.7 h for strain 25 [Fig.
7B]). Our data also demonstrate that the differences between
the strains are even more pronounced than the differences
indicated by laboratory experiments. The different growth
rates could be caused by the different substrate utilization

FIG. 6. Physiological similarity of the 11 Brevundimonas strains as
assessed by cluster analysis based on the substrate utilization patterns.

TABLE 2. Substrate utilization pattern of the 11 strains of
Brevundimonas sp.a

Substrate
Utilization by:

H12C5 8 14 18 20 24 25 26 30 31 33

Sugars and
derivatives

Glucose � � � � � � � � � � �
Fructose � � � � � � � � � � �
Mannose � � � � � � � � � � �
Rhamnose � � � � � � � � � � �
Arabinose � � � � � � � � � � �
Trehalose � � � � � � � � � � �
Mannitol � � � � � � � � � � �
Gluconate � � � � � � � � � � �
Glucosamine � � � � � � � � � � �
Laminarin � � � � � � � � � � �

Organic acids
Acetate � � � � � � � � � � �
Propionate � � � � � � � � � � �
Lactate � � � � � � � � � � �
Butyrate � � � � � � � � � � �
Crotonate � � � � � � � � � � �
Valerate � � � � � � � � � � �
Capronate � � � � � � � � � � �
Caprylate � � � � � � � � � � �
Malonate � � � � � � � � � � �
Succinate � � � � � � � � � � �
Fumarate � � � � � � � � � � �
Malate � � � � � � � � � � �
Tartrate � � � � � � � � � � �
Pyruvate � � � � � � � � � � �
2-Oxoglutarate � � � � � � � � � � �
Citrate � � � � � � � � � � �

Alcohols
Methanol � � � � � � � � � � �
Ethanol � � � � � � � � � � �
Propanol � � � � � � � � � � �
Butanol � � � � � � � � � � �
Glycol � � � � � � � � � � �
Glycerol � � � � � � � � � � �

Amino acids
Alanine � � � � � � � � � � �
Arginine � � � � � � � � � � �
Asparagine � � � � � � � � � � �
Glutamine � � � � � � � � � � �
Isoleucine � � � � � � � � � � �
Proline � � � � � � � � � � �
Tyrosine � � � � � � � � � � �
Tryptophan � � � � � � � � � � �

Polymers
Starch � � � � � � � � � � �
Xylan � � � � � � � � � � �

Complex substrates
Casamino Acids � � � � � � � � � � �
Yeast extract � � � � � � � � � � �

Others
Tween 80 � � � � � � � � � � �
Betaine � � � � � � � � � � �
Benzoate � � � � � � � � � � �
Salicylate � � � � � � � � � � �
Nicotinate � � � � � � � � � � �

a Peptone was utilized by all strains. The following compounds were tested but
were not utilized by any of the strains: xylose, sucrose, maltose, cellobiose,
cellulose, chitin, formate, glycolate, and cysteine.
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patterns of the strains, but they could also be the result of other
influences (e.g., temperate phages).

Evidently, the low abundance of our isolates in the bacte-
rioplankton of Zwischenahner Meer is caused by factors other
than a low growth rate. It is feasible that the Brevundimonas
strains are more sensitive to loss processes like protozoan
grazing or viral lysis than the other members of the bacterio-
plankton assemblage (20).

Conclusions. The 11 Brevundimonas strains investigated in
the present study were retrieved from the same lake water
sample. Therefore, a hitherto unknown multitude of ecotypes
must thrive in the same habitat. Based on our results, it has to
be concluded that the extent of genomic and physiological
diversity masked by identical 16S rRNA sequences is much
larger than has been assumed previously and that this so-called
microdiversity has ecological relevance. If a bacterial species is
defined as a “monophyletic and genomically coherent cluster
of individual bacteria that show a high degree of overall sim-

ilarity in many independent characteristics ” (46), then bacte-
rial diversity may indeed exceed present estimates by several
orders of magnitude, as previously suggested (15).

In addition, our data imply that, at least in some cases, only
limited conclusions regarding the biogeography and ecophysi-
ology of uncultured bacteria can be drawn from the mere
presence or absence of their 16S rRNA sequences in an eco-
system. In cases like the present one, molecular methods with
higher resolution, like analyses of ITS sequences, of fosmid
libraries (6), or of chromosomal painting (26), are more ap-
propriate for culture-independent analyses of bacterioplank-
ton community structure.
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